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ABSTRACT: 
  
Over the past two centuries, our natural environment has 
changed greatly with the introduction of appliances emitting 
electromagnetic fields (EMFs). Each day we are exposed to both 
extremely low frequency (ELF) magnetic fields (MFs) from 
electrical wires and appliances and to radiofrequency (RF) 
radiation from wireless communications. However, despite 
intensive research, is still unclear whether EMFs could evoke 
carcinogenicity. The uncertainty around this topic has also been 
recognized by The International Agency for Research on Cancer, 
which has classified both RF radiation and ELF MFs as possibly 
carcinogenic to humans (based mainly on the epidemiological 
findings). However, a mechanistic explanation to account for 
these epidemiological findings is lacking. 
The objective of this study was to identify whether EMFs 
affect cancer-related cellular processes. Co-exposure set ups 
with chemicals were used for revealing possible weak 
interactions of EMFs. The chemicals used (menadione, ferrous 
chloride, tert-butylhydroxide) were selected so that they would 
induce oxidative stress and/or genotoxicity. The cancer-related 
endpoints were selected to represent central events in 
carcinogenesis, namely oxidative stress, genotoxicity, cell death, 
and proliferation. In the experiments with RF radiation, GSM 
(Global System for Mobile Communications) modulated and 
CW (continuous wave) signals were compared throughout the 
study to investigate possible modulation-specific effects.  
The findings of this study included an observation that 872 
MHz CW (but not GSM-modulated) RF radiation exposure (5 
W/kg) enhanced menadione-induced radical formation and 
DNA damage level in human SH-SY5Y neuroblastoma cells. In 
other experiments, GSM-modulated (but not CW) RF radiation 
enhanced menadione-induced apoptosis in mouse L929 
fibroblast cells (but not in SH-SY5Y cells) and increased tert-
butylhydroxide-induced lipid peroxidation in SH-SY5Y cells 
(but not in L929 cells). The results with the 50 Hz MF exposure 
(100 µT) were more consistent: it was found to enhance the level 
of menadione-induced DNA damage as well as DNA repair, 
 and micronucleus formation. In the present study, no effects 
were observed with either RF radiation or MF exposure alone. 
In conclusion, exposure to CW or GSM-modulated RF 
radiation did not cause a consistent pattern of effects. However, 
MF exposure was consistently found to alter several endpoints 
measuring genotoxic responses to menadione, indicating that 
relatively weak MFs may affect cancer-relevant biological 
processes.  
 
National Library of Medicine Classification: QT 34, QT 162.M3, QT 
162.U4, WD 605, QZ 202 
 
Medical Subject Headings: Electromagnetic Fields; Radiation, 
Nonionizing; Radio Waves; Magnetics; Cellular Phone; Radiation 
Effects; Environmental Exposure; Neoplasms/etiology; Neoplastic 
Processes; Cocarcinogenesis; Vitamin K 3; Ferrous Compounds; tert-
Butyl Alcohol; Cells/radiation effects; Genes/radiation effects; Cell 
Proliferation; DNA Damage; DNA Repair; Comet Assay; Micronuclei, 
Chromosome-Defective; Neuroblastoma; Fibroblasts; Oxidative Stress; 
Reactive Oxygen Species; Lipid Peroxidation; Cell Death; Apoptosis  
 
Yleinen suomalainen asiasanasto: sähkömagneettiset kentät; 
sähkömagneettinen säteily; ionisoimaton säteily; sähkökentät; 
magneettikentät; radioaallot; GSM; säteilybiologia; solut; 
karsinogeenit; syöpäsolut; kasvaimet; geenit; DNA; vauriot; korjaus; 
hapettuminen; happiradikaalit; ohjelmoitunut solukuolema  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
“No amount of experimentation can ever 
prove me right; a single experiment can 
prove me wrong.” 
 
         -Albert Einstein 
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1 Introduction 
The possible carcinogenicity of electromagnetic fields (EMFs) 
has been a focus for public and scientific concern for several 
decades. This debate about the possible carcinogenicity of 
extremely low frequency (ELF) magnetic fields (MFs), associated 
with the use of electricity, was initiated in the late 1970s, when 
the first findings  showing a positive association between 
residential ELF MF exposure and childhood leukemia was 
published (Wertheimer and Leeper, 1979). The possible 
carcinogenicity of radiofrequency (RF) radiation became a 
matter of concern more than a decade later, when the number of 
mobile phones and their base stations began to grow rapidly. 
In attempts to answer the question about whether EMFs 
could cause cancer, a considerable number of in vitro, in vivo and 
epidemiological studies have been conducted. Based on reviews 
of the findings of these studies, the International Agency for 
Research on Cancer (IARC) has classified both RF radiation 
(Baan et al. 2011) and ELF MFs (IARC, 2002) as “possibly 
carcinogenic to humans”. These classifications were based on 
limited evidence for carcinogenicity obtained from 
epidemiological studies and, in the case of RF fields, from 
animal studies. There are currently no generally accepted 
mechanisms that could explain carcinogenic effects of weak 
EMFs. 
In this study, possible cancer-related effects of EMFs were 
examined in cell cultures. In addition to studying the effects of 
EMFs alone, co-exposure set-ups with chemicals that induce 
oxidative stress or genotoxicity were used in an attempt to 
reveal possible weak effects of EMFs. Previous studies have 
provided some evidence of co-carcinogenicity of EMFs 
(Juutilainen et al. 2000, 2006, Baan et al. 2011). 
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2 Literature review  
2.1 ELECTROMAGNETIC FIELDS 
Electromagnetic fields are composed of electric fields (E) and 
magnetic fields (H). Electric fields are generated by a stationary 
charge, but both a magnetic and an electric field are formed by a 
moving charge (current). In the near field (within the distance of 
about one wavelength from the source), these two fields are 
separate, but in the far field they become coupled and can be 
simply referred to as electromagnetic radiation. Electromagnetic 
radiation has dualistic properties - it both exhibits wave-like 
behavior and consists of photons. The photon energy is directly 
proportional to the frequency of the waves and inversely 
proportional to wavelength: as the frequency increases (and 
wavelength decreases), the energy content of the photons 
increases.  
The electromagnetic spectrum can be divided into non-
ionizing and ionizing parts according to the frequency and 
wavelength of the radiation (Figure 1). In the non-ionizing part 
of the spectrum, radiation does not carry enough photon energy 
to evoke ionization, i.e., to remove an electron from an atom or 
molecule. The non-ionizing part of the electromagnetic 
spectrum includes (in order of increasing frequency): static 
fields, extremely low frequency fields, intermediate frequency 
fields, radiofrequency fields, infrared radiation, visible light, 
and ultraviolet radiation. The ionizing part of the 
electromagnetic spectrum includes gamma-rays and X-rays.
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Figure 1. The electromagnetic spectrum 
 
2.1.1 Radiofrequency (RF) fields 
The rapidly expanding use of wireless communication has 
increased human exposure to RF fields. The main sources of 
human exposure are devices that are held close to the body such 
as mobile and cordless phones. However, there are also other 
sources of RF radiation such as wireless local area networks 
(WLAN), induction and dielectric heaters, mobile-phone base 
stations, broadcast antennas for television transmission,  and 
radar systems (ICNIRP, 2004). GSM (Global System for Mobile 
Communications) phones use the frequencies of 900 MHz and 
1800 MHz, while the technologies employed in FM radio 
(around 100 MHz) and in TV broadcasting (around 300 to 400 
MHz) utilize lower frequencies (ICNIRP 2009). 
 RF fields induce electrical currents in tissues. At low radio 
frequencies, the induced currents can cause stimulation of nerve 
and muscle cells, similar to that evoked by extremely low 
frequency magnetic fields (chapter 2.1.2). At higher frequencies 
(above about 10 MHz), the predominant biological effect of RF 
fields is heating, which results from absorption of RF energy 
into tissues. The commonly used dosimetric measure of RF 
energy is the Specific Absorption Rate (SAR), which describes 
the power deposited per kg of tissue (W/kg). At high 
frequencies, thermal effects are the basis of the present human 
exposure guidelines. The guidelines of the International 
Commission on Non-Ionizing Radiation Protection (ICNIRP) for 
whole-body exposure are 0.08 and 0.4 W/kg for the general 
public and occupational exposure, respectively. For partial body 
                Literature review 
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exposure (averaged over 10 g of tissue), the corresponding 
exposure limits are 2 and 10 W/kg, except for limbs 4 and 20 
W/kg (ICNIRP, 1998).  SAR levels for mobile phones typically 
range from 0.2 and 1.6 W/kg (averaged over 10 g of tissue) 
(ICNIRP 2004). The maximum RF radiation exposure from base 
stations is considerably lower than that in GSM phones (Mann 
et al. 2000). SAR levels of WLANs are also below (or similar) to 
levels of mobile phones (Kuhn and Kuster, 2006). 
Apart from the thermal effects, high-intensity RF 
electromagnetic fields can cause effects by other known 
mechanisms (Challis, 2005). In addition, a number of 
experimental studies have reported effects from weak RF 
radiation below the level needed to explain the biological 
significant thermal effects (ICNIRP, 2009). However, there are 
no established mechanisms for biological effects at field 
intensities that do not lead to increased tissue temperature 
(Challis, 2005).  It has been postulated that the non-thermal 
effects of weak RF radiation depend on modulation of the RF 
signal (Foster and Repacholi, 2004). Modulation is used in 
wireless communication systems to enable the RF radiation to 
carry information. The question of possible modulation-specific 
effects is relevant for typical human exposure, which mainly 
originates from sources emitting modulated RF radiation. 
Furthermore, new technologies (with new modulation 
characteristics) are being continually introduced. Although no 
plausible mechanisms are known for explaining modulation-
specific effects (Foster and Repacholi, 2004) and the majority of 
experimental studies have not supported any such effects, there 
is some evidence that RF field effects on the human nervous 
system might depend on the presence and type of modulation 
(Juutilainen et al. 2011). 
 
2.1.2 Extremely low frequency (ELF) magnetic fields (MFs) 
Human exposure to ELF MFs is primary associated with the 
generation, distribution, and utilization of electricity. These 
fields are most intense close to the flowing current and decline 
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with distance.  The MF intensity is measured in Teslas (T) or in 
amperes per metre (A/m). 
MFs penetrate the human body and induce electrical fields 
that can cause stimulation of nerve and muscle cells at high 
exposure levels. These kinds of stimulations can also cause 
flickering visual sensations known as magnetophosphenes (see 
Tenforde, 1992). These effects occur at about 10 mT or higher at 
50 Hz. The threshold for this type of effects is the basis for the 
present human exposure guidelines proposed by ICNIRP, 
which are 0.2 mT for the general public and 1 mT for 
occupational exposure at 50 Hz (ICNIRP, 2010). 
The effects of weak fields (below the stimulation threshold) 
have been reported in many experimental studies (Santini et al. 
2009, SCENIHR, 2009), but the relevance of these findings for 
human health is unclear (SCENIHR, 2009). Possible mechanistic 
explanations for biological responses to weak MFs have been 
discussed (IARC, 2002). A plausible hypothesis for explaining 
biological responses to weak MFs is the so called radical pair 
mechanism (RPM). The RPM describes MF effects on the 
lifetime of radical pairs, which can under certain conditions lead 
to an increased intracellular concentration of free radicals. 
Although the RPM is theoretically well understood 
(Brocklehurst & McLauchlan 1996, Timmel et al. 1998), and has 
been demostrated also in biochemical systems (Eveson et al. 
2000), its biological significance is still poorly understood. 
 
2.2 OXIDATIVE STRESS 
Oxidative stress is defined as an imbalance between oxidants 
and antioxidants in favour of the former. This results from an 
increase in intracellular reactive oxygen species (ROS) or from 
depletion of antioxidant levels. The main damage caused by 
increased ROS levels results from alteration of macromolecules 
such as polyunsaturated fatty acids in membrane lipids, vital 
proteins, or DNA. Oxidative stress is implicated as a possible 
                Literature review 
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underlying mechanism in several diseases such as cancer, 
Alzheimer’s disease, and Parkinson's disease. In addition to 
causing damage at high levels, ROS are vital for cells at low 
levels because of their role in cell signaling processes and 
production of energy (Valko et al. 2006). The cellular responses 
to oxidative stress are presented in Figure 2. 
ROS are molecules that contain oxygen and have one or more 
unpaired electron. The most important ROS are the superoxide 
(O2•-), hydroperoxyl (HO2•), and hydroxyl radical (OH•). In 
addition, hydrogen peroxide (H2O2) is considered as a key ROS, 
although it is a non-radical derivate of O2. It must be noted that 
“reactive” is a relative term; O2•- and H2O2 are highly selective in 
their interactions, whereas OH• reacts basically with all 
molecules with which it comes into contact (Halliwell and 
Cutteridge 2007). 
Under normal conditions, cells are capable for defending 
themselves against ROS with cellular antioxidants. The cellular 
antioxidant defence systems include both enzymes and small 
molecules. The most important antioxidant enzymes are 
superoxide dismutases, glutathione peroxidases, catalases, and 
peroxiredoxins. The most important antioxidant molecules are 
glutathione, ascorbic acid (vitamin C), tocopherol (vitamin E), 
and uric acid (Sies, 1993). 
Lipid peroxidation in biological membranes is considered as 
one of the most important oxidative damage mechanisms to 
cells. Components of the cell membrane i.e. polyunsaturated 
fatty acids, phospholipids, glycolipids and cholesterol are 
continuously under attack by oxidants. These attacks can lead to 
lipid peroxidation, a chain reaction where the lipids of the target 
system degrade (Gutteridge, 1995). 
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Figure 2. Cellular responses to oxidative stress. (Modifield from Halliwell and 
Cutteridge, 2007) 
2.3 GENOTOXICITY 
Genotoxicity refers to harmful effects on the genetic material 
which can lead to mutagenicity (changes of the genetic material) 
and/or carcinogenicity (the development of a malignant tumor). 
Maintenance of the integrity of the genome is essential for all 
living organisms. The cellular responses to DNA damage 
involve induction of cell cycle arrest, activation of 
transcriptional programs, enhancement of DNA repair 
pathways, or when the extent of damage is too severe, the 
initiation of apoptosis (Norbury & Hickson, 2001). 
In this context, it is important to note that some of the assays 
used in genotoxicity studies measure DNA damage level before 
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the DNA repair process has been fully executed. Thus, the 
damage detected in these assays does not necessary lead to any 
harmful consequences:  if DNA damage is repaired correctly, it 
does not cause adverse effects to the organism. Assays 
measuring initial DNA damage include the Comet assay (or 
single cell electrophoresis, used in the present study) and the 
assay of the phosphorylation of histone H2AX (γ-H2AX) 
(Watters et al. 2009). However, there are also assays that 
measure genetic damage after the finalization of the repair 
processes. These assays include chromosome aberrations (CAs), 
micronucleus (MN) formation (used in the present study), and 
sister chromatid exchanges (SCEs). 
 
2.4 CELL VIABILITY AND PROLIFERATION 
An imbalance between cellular proliferation and cell death may 
lead to carcinogenesis. According to current understanding, 
carcinogenesis requires both mutations in critical genes (such as 
those that regulate cell proliferation) and failure to remove the 
mutated cells by programmed cell death (apoptosis). This leads 
to uncontrolled, often very rapid, cell growth, which may 
further evolve into the formation of a tumor (Lowe & Lin, 2000). 
Cell death has been classically divided into three sub-groups: 
apoptosis, autophagy, and necrosis. In apoptosis, cell death is 
regulated by caspases (a family of cysteine-aspartic proteases), 
but also caspase-independent apoptosis exists. Apoptosis is 
characterized by cellular shrinkage, blebbing of the plasma 
membrane, chromatin condensation and degradation of DNA. 
In autophagy, the cell starts its self-digestion resulting in 
degradation of the cellular constituents. Although necrosis has 
been long considered as an uncontrolled form of cell death, it 
has recently become clear that also necrosis is in some cases 
molecularly regulated. Necrotic cell death is characterized by 
swelling of the dying cell, plasma membrane rupture and 
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subsequent loss of the intracellular content, which can lead to an 
inflammatory response (Edinger & Thompson, 2004). 
 
2.5 BIOLOGICAL EFFECTS RELEVANT TO MECHANISMS OF 
CANCER: RF RADIATION 
A considerable number of in vitro, in vivo, and epidemiological 
studies have been conducted to provide data for assessing the 
carcinogenicity of RF radiation. Based on a review of these 
studies, the International Agency for Research on Cancer 
classified radiofrequency electromagnetic fields as “possibly 
carcinogenic to humans” (Group 2B) (Baan et al. 2011). In this 
classification, the evidence for carcinogenicity of RF radiation 
for humans was considered as limited (based on an increased 
risk of glioma and acoustic neuroma reported in some studies. 
The evidence was insufficient for other cancer types). In 
addition, the evidence for carcinogenicity in animal studies was 
concluded to be limited. However, in the studies with endpoints 
relevant to mechanisms involved in the development of cancer, 
the evidence was considered as weak.  
This chapter addresses the in vitro and in vivo studies which 
were published in the year 2006 or later. Results of studies 
published before year 2006 have been previously reviewed, e.g., 
by Heikkinen (2006). The primary interest is on selected 
endpoints relevant to the mechanisms of cancer (oxidative 
stress, genotoxicity, cell death, and cellular proliferation). Many 
recent experimental studies on the biological effects of RF 
radiation have used co-exposure with a known carcinogen or 
mutagen. This is because the photons of RF radiation have low 
energy and thus it is not considered to induce direct alterations 
in DNA. This conclusion is also supported by the majority of 
experimental studies (Verschaeve et al. 2010). The results of the 
studies with or without co-exposure are described in Table 1.  
A causal relationship between carcinogenicity and DNA 
damage is well established, and thus the possible genotoxic 
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effects of RF radiation have been widely investigated (see 
reviews: Krewski et al. 2007, Lai 2007, Vijayalaxmi and Prihoda 
2008, Phillips et al. 2009, Ruediger 2009, Verschaeve 2009, 
Verschaeve et al. 2010). In the year 2006 or later, a total of 34 
studies have examined the effects of RF radiation on 
genotoxicity, providing rather inconsistent results.  Effects of RF 
radiation were found in 14 studies (Ferreira et al. 2006, Lixia et 
al. 2006, Paulraj and  Behari, 2006, Baohong et al. 2007, Kim et al. 
2008, Manti et al. 2008, Mazor et al. 2008, Tiwari et al. 2008, Yao 
et al. 2008, De Iuliis et al. 2009, Sannino et al. 2009a, Schwarz et 
al. 2009, Franzellitti et al. 2010, Zhijian et al. 2010). It is notable 
that one of the positive studies (Sannino et al. 2009a) reported 
that instead of increasing genotoxic effects, exposure to RF 
radiation decreased mitomycin C-induced genotoxicity 
(measured by micronuclei). Different exposure set-ups have also 
led to opposite outcomes within the same study in two cases 
(Baohong et al. 2007, Zhijian et al. 2010). A total of 20 
investigations did not find any effects of RF radiation on 
genotoxicity (Belyaev et al. 2006, Chemeris et al. 2006, Maes et 
al. 2006, Sakuma et al. 2006, Scarfi et al. 2006, Stronati et al. 2006, 
Verschaeve et al. 2006, Vijayalaxmi, 2006, Juutilainen et al. 2007, 
Speit et al. 2007, Huang et al. 2008 a & b, Valbonesi et al. 2008, 
Zeni et al. 2008, Sannino et al. 2009b, Zhijian et al. 2009, Ziemann 
et al. 2009,  Bourthoumieu et al. 2010, Tomruk et al. 2010, Kumar 
et al. 2011). Overall, it seems that the majority of positive studies 
have used a high SAR level (2 W/kg or above), whereas effects 
have generally not been reported at low SAR values (below 2 
W/kg). Since the possibility of thermal confounding increases at 
high SAR values, thermal effects may explain at least some of 
the positive findings. On the other hand, inadequate SAR values 
or too low sample numbers may explain the failure to detect 
effects in some studies with negative findings.  
As oxidative stress is considered to be associated with 
carcinogenesis and other adverse biological effects, this has been 
examined in several studies addressing the biological effects of 
RF fields. In the year 2006 or later, the effect of RF fields on ROS 
formation has been investigated in 9 studies. The majority of 
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these studies (7) found no effects on ROS formation (Lantow et 
al. 2006 a & b, Simko et al. 2006,  Zeni  et al. 2007, Brescia et al. 
2009, Falzone et al. 2010, Poulletier de Gannes et al. 2011), 
although increased ROS formation was also reported (Yao et al. 
2008, De Iuliis et al. 2009). The possible effect of RF fields on 
antioxidant capacity has been examined in 4 studies. RF fields 
were found to affect antioxidant capacity in 3 studies (Meral et 
al. 2007, Ozgur et al. 2010, Esmekaye et al. 2011), while one 
study reported no effects (Ferreira et al. 2006). Increased lipid 
peroxidation was described in 4 investigations (Meral et al. 2007, 
Ozgur et al. 2010, Tomruk et al. 2010, Esmekaye et al. 2011), but 
no effects on lipid peroxidation were found by Ferreira et al. 
(2006). Again, it seemed that the use of a high SAR value (2 
W/kg or above) resulted in a higher likelihood for positive 
finding on oxidative stress, indicating a possibility of thermal 
effects.  
As an imbalance between cell death and cellular proliferation 
is characteristic to tumour development, it is of interest to study 
whether RF radiation can affect these processes. In the year 2006 
or later, the effects of RF radiation on a cell death have been 
addressed in 14 studies with three of these studies reporting 
effects (Joubert et al. 2008, Palumbo et al. 2008, Eşmekaya et al. 
2010), while the majority of the studies did not find any effects 
(Joubert et al. 2006 & 2007, Lantow et al. 2006c, Merola et al. 
2006, Sanchez et al. 2006 & 2007, Chauhan et al. 2007, Höytö et 
al. 2007, Valbonesi et al. 2008, Falzone et al. 2010, Franzetti et al 
2010). The effects of RF radiation on the cell proliferation have 
been examined in 9 studies. Only one of these studies reported 
an effect on proliferation rate (Trosić et al. 2009) while no effects 
were observed in the other 8 studies (Lixia et al. 2006, Merola et 
al. 2006, Sanchez et al. 2006, Scarfi et al. 2006, Höytö et al. 2008, 
Huang et al. 2008b, Zeni et al. 2008, Sekijima et al. 2010). A 
comparison of the 4 positive findings on cell death and 
proliferation did not reveal any similarities with respect to SAR, 
signal type, or duration of exposure. 
Co-exposure with other physical or chemical agents did not 
increase the likelihood of a positive finding (an effect was 
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reported in ~33 % of the co-exposure studies and in 40 % of 
investigations without co-exposure). In these recent studies the 
likelihood of reporting a positive finding is about the same as in 
studies published before 2006 (Heikkinen, 2006). The percentage 
of positive findings is higher than that expected from chance 
alone (in the absence of effects, 5% of experiments will produce 
a positive finding, if p < 0.05 is used as the limit for statistical 
significance). However, many of the studies have addressed 
more than one biological endpoint, which increases the 
likelihood of a false positive finding in one of the endpoints. It 
must also be noted that the present review of literature did not 
exclude flawed studies. The most critical flaws were in the RF 
radiation exposure. A mobile phone was used as the exposure 
source in two studies, and thus the effects of non-uniform fields 
and battery heat may be confounding variables in these studies 
(Meral et al. 2007, Tiwari et al. 2008). In addition, some of the 
studies had inadequate (or even lacking) dosimetry (Meral et al. 
2007, Tiwari et al. 2008, Tomruk et al. 2010). Furthermore, one 
study (De Iuliis et al. 2009) lacked the necessary temperature 
controls (in that study, samples were exposed to RF radiation in 
a small volume and thus were possibly subjected to heating and 
evaporation).    
  Overall, the results of the in vivo and in vitro studies 
reviewed above have not provided adequate evidence of any 
such biological effects that could serve as a basis for 
carcinogenic effects.  
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2.5 BIOLOGICAL EFFECTS RELEVANT TO MECHANISMS OF 
CANCER: MAGNETIC FIELDS 
Possible carcinogenic effects of ELF MFs have been discussed 
for more than 30 years. The uncertainty of this issue was also 
recognized by The International Agency for Research on Cancer 
(IARC) in 2002, when it classified ELF magnetic fields as 
possibly carcinogenic to humans. This evaluation was mainly 
based on rather consistent findings showing an association 
between residential 0.3 – 0.4 µT ELF MF exposure and 
childhood leukemia (IARC, 2002). However, the underlying 
biophysical and biological mechanisms by which ELF MF might 
cause childhood leukemia, or carcinogenicity in general, are still 
unknown. 
 Recent studies (published in the year 2006 or later) are 
reviewed in this chapter. The results of the studies published 
before 2006 have been previously reviewed e.g. by Juutilainen et 
al. 2006, WHO 2007. As in the case of RF studies, the primary 
interest is on specific cancer-relevant endpoints effects 
(oxidative stress, genotoxicity, cell death, and cellular 
proliferation). The results of the studies reviewed are described 
in Table 2.  
Possible genotoxic effects of MFs have been extensively 
investigated (see reviews: Lai 2007, Vijayalaxmi and Prihoda 
2009). In 2006 or later, a total of 15 studies have addressed 
genotoxicity of MFs. The majority of investigations (11 studies) 
found effects on various genotoxicity endpoints (Udroiu et al. 
2006, Villarini et al. 2006, Cho et al. 2007, Erdal et al. 2007, 
Falone et al. 2007, Mairs et al. 2007, Wahab et al. 2007, Yokus et 
al. 2008, Focke et al. 2010, Kim et al. 2010, Mariucci et al. 2010), 
while 4 studies did not observe any effects (Frahm et al. 2006, 
Williams et al. 2006, Burdak-Rothkamm et al.  2009, Ruiz-Gomez 
et al. 2010).  Interestingly, all of the negative studies were 
performed without co-exposure (100 % of the co-exposure 
studies were positive).  
               Jukka Luukkonen: Insights into Cancer-related Effects of Electromagnetic Fields 
 
40                   Dissertations in Forestry and Natural Sciences No 55 
ROS levels or radical reactions were examined in 7 studies. 
The majority of these studies (5) found that MFs increased 
intracellular ROS levels (Frahm et al. 2006 & 2010, Falone et al. 
2007, Goraca et al. 2010, Mannerling et al. 2010), while only two 
studies reported no effects on radical levels or reactions (Di 
Loreto et al. 2009, Markkanen et al. 2010). In addition, the 
majority of studies (7) on MF effects on antioxidant capacity 
have reported changes in the measured parameters (Jelenkovic 
et al. 2006, Falone et al. 2007 &. 2008, Sharifian et al. 2009, Akdag 
et al. 2010, Martinez-Samano et al. 2010, Emre et al., 2011), 
although also negative studies do exist (Markkanen et al. 2008, 
Di Loreto et al. 2009). The effects of MF on lipid peroxidation 
have been examined in 7 investigations. The majority of these 
studies reported increased lipid peroxidation (Jelenkovic et al. 
2006, Akdag et al. 2010, Goraca et al. 2010,  Emre et al. 2011), 
although an almost equal number of investigations did not find 
any effects on the degration of lipids (Erdal et al. 2008, Di Loreto 
et al. 2009, Martinez-Samano et al. 2010). In addition, one study 
(Erdal et al. 2008) found effects on oxidative/nitrosative stress. 
Overall, there were only 3 negative studies on the effects of MF 
on oxidative stress and thus it is difficult to evaluate possible 
common factors behind these studies.  
A total of 14 studies have examined the effects of MFs on 
cellular viability in 2006 or later. Again, the ability of MF to 
evoke cell death was observed in the majority of studies 
(Williams et al. 2006, Falone et al. 2007, Markkanen et al. 2008, 
Di Loreto et al. 2009, Jian et al. 2009, Kim et al. 2009, Focke et al. 
2010, Kim et al. 2010, Emre et al. 2011), but no effects were 
reported in 5 studies (Koyama et al. 2008, Vianale et al. 2008, 
Akdag et al. 2010, Jiménez-García et al. 2010, Ruiz-Gomez et al. 
2010).  The negative studies did not seem to depend on exposure 
time, field strength or whether there has been co-exposure. 
The effects of MF exposure on cellular proliferation have 
been examined in 6 studies. Once again, the majority of these 
studies have reported a MF effect (Vianale et al. 2008, Jiménez-
García et al. 2010, Marcantonio et al. 2010, Ruiz-Gomez et al. 
2010), while two studies found no effect (Falone et al. 2007, 
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Mannerling et al. 2010).  As there were only 2 negative studies, it 
is difficult to evaluate whether certain exposure protocols are 
more likely than others to lead to positive findings. 
To summarize all of the above studies, the results are quite 
different from those of the results of studies on RF radiation – 
the vast majority of studies (31/34) reported an effect on some of 
the parameters measured. However, the present review of the 
literature did not exclude studies on the basis of their quality. 
The proportion of positive findings was not clearly different in 
studies with (~83%) or without (~95%) co-exposure. Overall, the 
recent studies on oxidative stress, genotoxicity and cellular 
viability indicate that MFs may influence cancer-relevant 
biological processes, which is also consistent with studies 
published before the year 2006 (Juutilainen et al. 2006). 
However, the evidence is not so strong in actual carcinogenesis 
studies (WHO, 2007).  
As the recent experimental studies have generally used 
magnetic field intensities of 100 µT or higher, they cannot be 
directly used for explaining epidemiological findings associated 
with fields less than 1 µT.  
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3 Aims of the present 
study 
The aim of this study was to examine possible cancer-related 
effects of electromagnetic fields in cell cultures. In particular, the 
present study focused on co-exposures i.e. combining EMFs 
with chemicals that induce oxidative stress or genotoxicity. 
 
The studies were aimed at answering the following questions: 
 
I Do EMFs induce oxidative stress or alter the effects of 
known oxidative agents? (I, II, III) 
 
II Do EMFs induce genotoxicity or alter the effects of 
known DNA damaging-agents? (II, III, IV) 
 
III Do EMFs, alone or in combination with oxidative agents, 
affect cellular proliferation or cell death?  ( I, II, III, IV) 
 
IV Do the effects of RF radiation depend on signal type (CW 
or GSM-modulated)? (I, II, III) 
                  Jukka Luukkonen: Insights into Cancer-related Effects of Electromagnetic Fields 
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4 Materials and methods 
4.1 CELL CULTURE 
4.1.1 Human neuroblastoma (SH-SY5Y) cells (I, II, III, IV) 
Human neuroblastoma (SH-SY5Y) cells (obtained from Dr. Sven 
Påhlman, University of Uppsala, Sweden) were cultured in 
Dulbecco’s modified Eagle medium (containing 4.5 g/l glucose) 
with 10 % heat-inactivated fetal bovine serum (FBS) and 50 
units/ml penicillin and 50 µg/ml streptomycin. Cell cultures 
were maintained at +37 °C in a humidified atmosphere 
containing 5 % CO2 in 75 cm2 cell culture flasks and harvested 
with 0.02 % EDTA in Ca2+- and Mg2+-free phosphate buffer 
saline (PBS). 
4.1.2 Mouse fibroblast (L929) cells (I) 
Mouse fibroblasts (L929) (purchased from ECACC, European 
Collection of Cell Cultures, Salisbury, UK) were cultured in 
Dulbecco’s modified Eagle medium with 10 % Fetal Clone II, 
and 50 unit/ml penicillin and 50 µg/ml streptomycin. L929 cells 
were harvested by trypsinisation (0.25 % trypsin, 0.02 % EDTA 
in Ca2+- and Mg2+-free PBS). The cells were grown (+37 °C, 5 % 
CO2) in 75 cm2 cell culture flasks. 
4.2 EXPOSURE SYSTEMS 
4.2.1 RF radiation (I, II, III) 
The treatments with CW or GSM modulated (pulsed at 217 Hz) 
872 MHz RF radiation were applied using a waveguide 
exposure system at a SAR of 5 W/kg. The exposure system 
contained two separate chambers, an aluminium waveguide 
exposure chamber with inner dimensions of 248 mm (wide) x 
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175 mm (high) x 420 mm (length) and an identical sham-
exposure chamber. In each of the two chambers, two cell culture 
dishes were simultaneously exposed either to RF radiation or to 
sham treatment. The exposure chambers were equipped with a 
heat exchanger, which had a water circulation to compensate for 
the energy absorbed from RF radiation and to keep the cell 
cultures in isothermal conditions (+37.0 ± 0.3 °C). The cell 
cultures (in Petri dishes) were placed on the glass surface of the 
heat exchanger. The temperature of the incoming and outgoing 
water was continuously measured and adjusted by a 
temperature control unit. The temperature-controlled mixture of 
air and carbon dioxide (5 % inside the chambers) was provided 
by ventilation from a modified cell culture incubator. The 
exposure system (designed and built by Radiation and Nuclear 
Safety Authority STUK, Helsinki, Finland) provided a uniform 
specific absorption rate (SAR) distribution (± 35 % in the cell 
cultures).  
4.2.2 ELF MF (IV) 
The exposures to 50 Hz MF were conducted at a magnetic flux 
density of 100 µT for 24 hours. A pair of 340 mm x 460 mm coils 
in a Helmholtz-type configuration (220 mm distance between 
the coils) generating a vertical magnetic field was housed inside 
a temperature-controlled cell culture incubator (Heraeus 
HERACell) with 5 % CO2. The cell cultures were located at the 
center of the coil system for ensuring a uniform magnetic flux or 
in an identical control incubator for the exposure time period. 
The MF were generated by a function generator Wavetek 
Waveform Generator model 75 (Wavetek,San Diego, CA, USA) 
and  amplified by a Peavey M-3000 Power Amplifier (Peavey 
Electronics corp., Meridian, MS, USA). Magnetic flux density 
was monitored with a Holaday H1-3624 ELF Magnetic Field 
Meter and Holaday ELF Magnetic Field Sensor P/N 491017 
(Holaday Industries, INC., Eden Prairie, MN, USA). 
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4.3 DESIGN OF EXPERIMENTS 
In studies I, II, and III, the cell cultures were exposed to RF 
radiation alone or in combination (simultaneous exposure) with 
chemical treatment. The exposure groups were: (1) sham-
exposed control, (2) RF radiation, (3) chemical treatment, and (4) 
chemical treatment + RF radiation. In study IV, the exposure 
groups were similar, but the MF exposure preceded the 
chemical exposure. Table 3. describes the chemicals, cell lines, 
concentrations and exposure conditions used in the 
experiments. 
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Table 3. The chemicals, cell lines, concentrations and exposure 
conditions used in the experiments. 
Assay 
Endpoint 
Chemical treatment  Concentration(cell 
line) 
EMF 
Exposure  
Study I 
GSH level Menadione, 1h 20 µM (SH-SY5Y),  
100 µM (L929) 
RF, 1h 
Lipid 
peroxidation 
tert-butyl hydroperoxide, 
1h 
0.5 mM  
(SH-SY5Y&  L929) 
RF, 1h 
Proliferation Menadione,1 h 10 µM  
(SH-SY5Y&  L929) 
RF, 1h 
Caspase-3 
activity 
Menadione, 24 h 10 µM (SH-SY5Y), 
50 µM (L929) 
RF, 24 h 
DNA 
fragmentation 
Menadione, 24 h 10 µM (SH-SY5Y),  
50 µM (L929) 
RF, 24 h 
Cell viability Menadione, 1h 10 µM (SH-SY5Y), 
50 µM (L929)  
RF, 1h 
Study II    
ROS 
formation 
Menadione, 1h 50 µM (SH-SY5Y) RF, 1h 
Cell viability Menadione, 1h 50 µM (SH-SY5Y) RF, 1h 
DNA damage Menadione, 1h 25 µM (SH-SY5Y) RF, 1h 
Study III    
ROS 
formation 
FeCl2, 1h 10 µg/ml (SH-SY5Y) RF, 1h 
Cell viability FeCl2, 1h 10 µg/ml (SH-SY5Y) RF, 1h 
DNA damage FeCl2 + DEM, 1 h (FeCl2), 
1 h 15 min (DEM) 
10 µg/ml FeCl2,  
0,015 % DEM 
(SH-SY5Y) 
RF  1h  
Study IV    
DNA damage 
and repair 
Menadione , MMS, 3h 20µM menadione,  
35 µg/ml MMS 
(SH-SY5Y) 
ELF MF, 
24h 
Micronuclei 
formation 
Menadione , MMS, 3h 0.1, 1, 10, 15, and 20 
µM menadione and 
10, 15, and 20 µg/ml 
MMS (SH-SY5Y) 
ELF MF, 
24h 
Relative 
Survival 
Menadione , MMS, 3h 0.1, 1, 10, 15, and 20 
µM menadione and 
10, 15, and 20 µg/ml 
MMS (SH-SY5Y) 
ELF MF, 
24h 
Diethyl maleate (DEM), methyl methanesulphonate (MMS) 
4.4 OXIDATIVE STRESS 
4.4.1 ROS (II, III) 
Intracellular ROS levels were measured by a fluorescent probe 
2’,7’-dichlorofluorescein-diacetate (DCFH-DA), which as a 
nonpolar compound which crosses the cell membrane. This is 
followed by cleavage of the diacetate group due to cellular 
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esterases and the formation of the nonfluorescent 2’,7’-
dichlorofluorescein (DCFH). In the presence of intracellular 
ROS, DCFH is oxidized quickly to the highly fluorescent 
compound, 2’,7’-dichlorofluorescein (DCF). This fluorescence 
can be used for quantifying intracellular ROS production (LeBel 
et al. 1992). The ROS levels were analyzed 20 minutes after RF 
radiation exposure (the DCFH-DA loading preceded the 
analysis). 
4.4.2 GSH (I) 
Intracellular GSH levels were quantified by a fluorescent probe 
monochlorobimane (MBCL). MBCL forms a complex with 
reduced glutathione and this can be measured fluorometrically 
(Rice et al. 1986). The GSH levels were measured 15 minutes 
after exposure to RF radiation (the MBCL loading preceded the 
analysis). 
4.4.3 LPO (I) 
Lipid peroxidation was examined using a fluorescent probe, 
diphenyl-1-pyrenylphosphine (DPPP). DPPP integrates into the 
cell membranes and reacts with lipid hydroperoxides forming a 
fluorescent DPPP oxide, which can be measured 
fluorometrically (Okimoto et al. 2000). The level of lipid 
peroxidation was determined  immediately after RF radiation 
exposure. 
 
4.5 CELL VIABILITY AND PROLIFERATION 
4.5.1 Caspase-3-like protease activity (I) 
Apoptosis was examined by assessing caspase-3-like protease 
activity by DEVD-7-amino-4-methylcoumarin (DEVD-AMC). 
Activity of caspase-3-like proteases cleaves fluorogenic caspase-
3 substrate and liberates AMC and the fluorescence of this 
compound can be measured (Loikkanen et al. 2003). Caspase-3-
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like protease activity was analyzed immediately after RF 
radiation exposure. 
4.5.2 DNA ladder (I) 
Internucleosomal DNA fragmentation analysis was used for 
verifying the result obtained from the caspase-3-like protease 
activity assay. DNA fragmentation analysis is based on 
fragmentation of DNA into 180-185 base-pair fragments during 
apoptosis and this can be determined by using agarose gel 
electrophoresis (Loikkanen et al. 2003). DNA fragmentation was 
determined  immediately after RF radiation exposure. 
4.5.3 Cell viability (I, II, III) 
In Study I, cell viability was determined using 0.4 % trypan blue 
dye. Samples and trypan blue were mixed in 1:1 ratio. Trypan 
blue enters dead cells via damaged cell membrane and intact 
(living cells) remain to be uncolored. This change was observed 
by phase contrast light microscope and counted as proportion of 
living cells compared to the number of all (dead+living) cells. In 
Study I, cell viability was analyzed immediately after RF 
radiation exposure. 
In Studies II and III, cells viability was assayed with PI, a 
fluorescent probe that binds to chromatin if there has been loss 
of membrane integrity. In the end of each experiment, digitonin 
(final concentration 160 µM) was supplemented to disrupt cell 
membrane integrity, which allows PI to enter all cells and thus 
produces the maximum PI value. Percent loss of viability 
(necrotic cell death) was then expressed as a relative PI value 
before and after digitonization (Naarala et al. 1995).  In Studies 
II and III, cells viability was determined 60 minutes after RF 
radiation exposure (DCFH-DA, PI and digitonin treatment 
preceded the analysis). 
4.5.4 Relative survival (IV) 
Please see chapter 4.6.3. 
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 4.5.5 Proliferation (I) 
Proliferation was assayed following the guidelines in the 
AlamarBlueTM manufacturer’s manual. This reagent is reduced 
due to proliferation of the cells and the fluorecence of the 
AlamarBlueTM becomes altered, allowing continuous monitoring 
of the cells fluorometrically. The proliferation of cells was 
measured 0, 4, 24, and 48 hours after RF radiation exposure. 
4.6 GENOTOXICITY 
4.6.1 DNA damage level (II, III, IV) 
The Comet assay, also known as the single cell gel (SCG) 
electrophoresis assay, was used for quantifying the level of 
DNA damage in the cells. In this assay, cells are mixed with 
agarose, spread onto a glass microscope slide and lysed, thus 
leaving only nuclei on the slides. In a subsequent 
electrophoresis, DNA fragments move away from the nucleus 
and form a tail, resulting in an image that resembles a comet. 
The shape, size, and the fragment content of the tail reflect the 
extent of DNA liberated from the nucleus due to DNA damage. 
In the present study, the unwinding of DNA and electrophoresis 
of samples were performed under alkaline conditions (pH >13) 
in which the Comet assay detects DNA double-strand (DSB) and 
single-strand breaks (SSB), SSB associated with incomplete 
excision repair sites, DNA-DNA/DNA-protein cross-links, and 
alkali labile sites (ALS) (Tice et al. 2002). In the present study, 
the DNA unwinding and electrophoresis were conducted for 10 
minutes. The level of DNA damage was determined 
immediately after EMF exposure. 
4.6.2 DNA repair rate (IV) 
In the DNA repair rate analysis, cells were allowed to repair the 
DNA damage, after which the level of DNA damage was 
analyzed by Comet assay (change from the initial DNA damage 
may be interpreted as a proportion of DNA repair). The DNA 
repair rate was measured 7.5 and 15 minutes after MF exposure. 
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4.6.3 Micronucleus formation (IV) 
For micronuclei and relative survival analysis, the cells were 
stained with ethidium monoazide bromide (EMA; staining of 
necrotic and mid/late stage apoptotic cells), photoactivated with 
a visible light (light bulb), stained with SYTOX Green and 
measured by flow cytometry (Bryce et al. 2007). In addition to 
the analysis of micronuclei, the double-staining allowed for the 
differentiation of the nuclei of dead and living cells, thus 
indicating a relative survival level. This is a new method which 
is more objective than the traditional microscopic analysis and 
permits an analysis of a much larger number of cells. 
Micronucleus formation and relative survival was determined 
69 hours after MF + chemical  treatment (formation of 
micronuclei requires at least one cell cycle after the treatment). 
4.7 STATISTICAL ANALYSIS 
Statistical analysis of the experiments was performed using 
linear mixed model analysis (Garson, 2011). This analysis is an 
extension of classical one-way ANOVA and other general linear 
models, and more suitable than classical one-way ANOVA for 
complex exposure settings. This analysis was selected as the 
most appropriate statistical method because in the experiments 
done in this thesis, multiple-way comparisons (effects of 
multiple factors) needed to be tested simultaneously, and there 
were multiple independent replicates. In the analysis, dish or 
replication pair was categorized as a random factor, while 
exposure to chemical(s), exposure to EMF, time of measurement, 
and their interactions, were considered as fixed effects. Pairwise 
comparisons between EMF-exposed and sham-exposed samples 
were performed as post tests. The statistical analysis was 
performed with SPSS for Windows release 14.0.1 (SPSS Inc., 
Chicago, Illinois, USA) using raw or logarithm modified (DNA 
damage level and DNA repair rate in study IV) values. A p-
value less than 0.05 was considered statistically significant. 
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5 Results  
5.1 EFFECTS OF RF RADIATION 
5.1.1 Oxidative stress (I, II, III) 
In Study I, GSH levels were not generally affected by exposure 
to RF radiation. In L929 cells, the overall statistical test indicated 
a significant RF radiation-related increase. However, post-tests 
did not detect any significant differences in GSH levels between 
RF-exposed and control cells or between the menadione-
exposed and menadione+RF -exposed cells. 
In Study I, a significant increase in lipid peroxidation was 
observed in SH-SY5Y cells exposed to GSM-modulated RF 
radiation (5 W/kg). The increase was statistically significant at 
all time points (0, 20, 40, and 60 min). However, lipid 
peroxidation was not affected by the CW signal in the same cell 
line. No RF radiation-related differences in L929 cells were 
detected. 
In Study II, ROS production was statistically significantly 
higher in cells exposed to both menadione and CW RF than in 
cells exposed to menadione at time points 30 and 60 minutes. 
No effects were observed from GSM-modulated RF radiation or 
from RF radiation exposures alone.  In Study III, the exposure 
protocol was similar to that used in Study II, but ferrous 
chloride (FeCl2) was used as the co-exposure chemical. In these 
experiments, no effects were observed from RF radiation alone, 
nor did it affect FeCl2 induced ROS production.
5.1.2 Genotoxicity (II, III) 
In Study II, an enhancement of the level of DNA damage was 
observed in the menadione + CW RF radiation exposed cells (5 
W/kg) compared with cells exposed to menadione alone. No 
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DNA damaging effect was observed from only CW RF 
radiation. GSM-modulated RF radiation did not induce DNA 
damage alone or in combination with menadione. In Study III, 
similar exposure protocol was used as in Study II, the only 
difference being that ferrous chloride (FeCl2) was the co-
exposure chemical. However, we did not detect any effects from 
combined exposure to RF radiation and FeCl2 or from RF 
radiation alone.  
 
5.1.3 Cell death and proliferation (I, II, III) 
In Study I, caspase-3-like protease activity of L929 cells was 
significantly higher in the menadione + RF radiation exposed 
cells than in those exposed to menadione alone. In post-tests, the 
increase associated with the CW signal was not statistically 
significant, but the increase associated with GSM modulated RF 
radiation did reach statistical significance. No effects were 
observed in SH-SY5Y cells. Internucleosomal DNA 
fragmentation analysis was used for verifying the result 
obtained from the caspase-3-like protease activity assay. RF 
radiation had no effect on DNA fragmentation in SH-SY5Y cells. 
In L929 cells, no detectable DNA fragmentation was observed in 
any of the exposure groups. 
In Studies I, II, and III, RF radiation did not significantly 
affect cell viability (necrotic cell death). 
In Study I, cellular proliferation was not affected by RF 
radiation alone or by combined exposure to RF radiation and 
menadione. 
 
5.2 EFFECTS OF ELF MAGNETIC FIELDS 
5.2.1 Genotoxicity (IV) 
In Study IV, the DNA damage level in SH-SY5Y cells was 
significantly higher in the MF + menadione exposed group 
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compared to menadione exposure alone. No effects were 
observed from MF exposure alone. 
In Study IV, the progression of DNA damage (DNA repair) 
was followed at time points 7.5 min and 15 min after the initial 
measurement. The DNA damage level continued to increase in 
the menadione-only exposed cells, whilst the presence of 
ongoing repair (reducing the level of DNA damage) was 
observed in the MF + menadione exposed cells. The overall 
change (DNA repair rate, 0 to 15 min) differed significantly in 
the treatment groups, although the differences in DNA damage 
level at the individual time points (7.5 and 15 min) were not 
statistically significant. In Study IV, the micronucleus frequency 
was significantly higher in the MF + menadione exposed groups 
than in the cells exposed to menadione alone when all 
menadione doses were included in the analysis. In separate tests 
for the different menadione doses, the difference was 
statistically significant at 20 µM. MF exposure alone did not 
affect micronucleus frequency.  
The results with MMS showed exhibited in similar directions 
as those encountered with menadione (increased DNA damage 
level, DNA repair rate, and micronucleus frequency), but none 
of the differences achieved statistical significance.  
5.2.2 Relative survival (IV) 
In Study IV, there was a trend that relative survival was always 
higher in the MF + menadione exposed cells than in those 
exposed to menadione alone, but this difference was not 
statistically significant in tests for individual menadione doses 
nor in the overall test. In addition, no significant difference in 
relative survival was observed between the MMS only and MF + 
MMS exposed samples. MF exposure alone did not affect the 
relative survival rate of the cells. 
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6 Discussion 
The aim of the present thesis was to investigate the effects of 
ELF MFs and RF EMFs on selected cancer-related endpoints, 
such as oxidative stress, genotoxicity, cell death and 
proliferation. In addition to examining the effects of EMFs alone, 
this study used co-exposures as a way of revealing possible 
weak effects of EMFs and for investigating mechanisms behind 
any cancer-related effects. The cofactors were selected so that 
they would either induce oxidative stress or genotoxicity. The 
results of the study are discussed below. 
 
6.1 EFFECTS OF RF RADIATION 
The results of the studies included in this thesis are summarized 
in Table 4. 
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6.1.1 Oxidative stress (I,II,III) 
In the present study, enhanced menadione-induced ROS 
formation was observed in human SH-SY5Y neuroblastoma cells 
exposed to a CW RF field (5 W/kg, 1h) (II) and  increased tert-
butylhydroxide-induced lipid peroxidation was found in the 
same cell line exposed to a GSM-modulated RF field (5 W/kg, 1h) 
(I). No effects were observed in L929 mouse fibroblast cells. In 
addition, no effects were found on menadione-affected GSH 
levels or on FeCl2-induced ROS formation (III) in either cell line. 
RF exposure alone did not have any effects on the endpoints 
measured. 
The majority of studies on RF radiation effects on ROS 
production have been negative, although positive findings also 
exist. The negative finding from the combined exposure with 
FeCl2 is in agreement with the report of Brescia et al. (2009) with 
FeSO4, a chemical agent that also produces Fe2+. However, 
Zmyślony et al. (2004) noted enhancement of ROS produced by 
10 µg/ml FeCl2 in rat lymphocytes exposed to CW RF radiation 
at 1.5 W/kg.  
Although there is no consistent evidence that the intracellular 
ROS levels are affected by RF radiation, surprisingly many  
studies  (including the present one) have reported positive 
effects of RF radiation on lipid peroxidation  (Moustafa et al. 
2001, Ozguner et al. 2005, Ozgur et al. 2010, Tomruk et al. 2010, 
Esmekaya et al. 2011).  Lipid peroxidation might represent an 
endpoint that is particularly sensitive to RF radiation. However, 
given the generally negative or at least inconsistent data from 
other endpoints related to oxidative stress, further studies are 
clearly needed to confirm whether there are true effects on lipid 
peroxidation. In the present study, GSM-modulated RF 
radiation did not alter any other endpoints related to oxidative 
stress (GSH and ROS levels, Studies I, II, III). 
6.1.2 Genotoxicity (II, III) 
In Study II, menadione-induced DNA damage was enhanced by 
CW radiation (5 W/kg) in human SH-SY5Y cells. However, in 
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Study III, a similar exposure protocol with another ROS 
producing chemical (FeCl2) did not evoke to any alterations in 
the level of DNA damage. Both of these studies consistently 
showed no effects on DNA damage level from CW RF radiation 
alone or from GSM-modulated RF radiation (with or without co-
exposure).  
As exposure parameters and cell line were identical in 
studies II and III, the only difference between the positive and 
negative studies was the co-exposure chemical in use. The two 
different chemicals produce radicals with distinct properties. 
Whereas the primary radicals resulting from FeCl2 treatment are 
highly reactive OH• radicals, menadione causes the production 
of O2-• radicals, which are very selective in their interactions. 
Consequently, also the mechanisms involved in DNA damage 
are likely to be different between menadione and FeCl2.  The 
OH• radicals produced by FeCl2 react rapidly with all kinds of 
biomolecules and must therefore be in very close proximity to 
DNA in order to react with it (Halliwell and Gutteridge, 2007). 
Menadione also probably causes non-oxidative DNA damage 
(Fischer-Nielsen et al. 1995) via activation of Ca2+-dependent 
nucleases (McConkey et al. 1988). 
Both menadione-induced ROS production and DNA damage 
were enhanced by CW RF radiation exposure (Study II), 
suggesting that these findings might be causally related. 
However, the results were not consistent with the GSM 
modulated signal (and there in no reason to assume that the 
effects from CW but not from a modulated signal at an identical 
SAR), and there were no effects of CW RF radiation on cell 
viability and proliferation rate (Studies I, II, III). Thus, the 
validity of these findings needs to be verified in supplemental 
studies. 
6.1.3 Cell death and proliferation (I, II, III) 
In study I, menadione-induced caspase-3-like activity was 
enhanced by GSM-modulated RF radiation in L929 fibroblasts. 
However, no effects were found from unmodulated RF 
radiation or in human SH-SY5Y neuroblastoma cells. In addition, 
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the majority of other studies have not found any evidence of 
increased apoptosis in cells exposed to RF radiation (see Table 1). 
Thus, the result indicating increased apoptosis in L929 cells 
exposed to GSM RF radiation need to be interpreted with 
caution until confirmed in independent experiments.  
In the present study, RF radiation did not affect cell viability 
with or without chemical co-exposure (Studies I, II, and III), 
which is in agreement with the majority of other studies. 
Cellular proliferation was not affected by exposure to RF 
radiation (Study I), a result consistent with the majority of other 
reports. 
 
6.1.4 Overall discussion 
 
As this thesis contains a large number of different tests, it is 
important to acknowledge the possibility that chance might 
explain some or all of the positive findings observed. In the 
present thesis, there were a total of 72 results on the effects of RF 
radiation, of which 4 were positive findings (Table. 4). With the 
p-value of 0.05 as a limit for statistical significance, chance 
would be expected to produce about 4 positive findings (0.05 * 
72 = 3.6), which is consistent with the actual number of positive 
findings observed. However, the observed significance levels 
were 0.01, which decreases the likelihood that they were false 
positive findings. In addition, the plausibility of chance as an 
explanation for the positive findings is reduced by the fact that 
the findings were consistently observed only in co-exposure set-
ups, which were included in the study design based on an a 
priori hypothesis. On the other hand, the positive findings were 
inconsistent with respect to the presence of modulation (two 
positive findings with CW and two with GSM-modulated 
exposure). Overall, the results do not establish a consistent 
pattern, and chance remains a plausible explanation for the few 
positive findings.  
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6.2 EFFECTS OF ELF MAGNETIC FIELDS 
6.2.1 Genotoxicity and relative survival (IV) 
The previous study of Markkanen et al. (2008) showed that pre-
exposure to ELF MF could alter the distribution of cell cycle 
stages in menadione-exposed cells, evidence of both reduced 
apoptosis and increased cell cycle arrest. Since increased cell 
cycle arrest is a central event in cellular response to DNA 
damage, Study IV focused on DNA damage responses using 
several measurement time points after the exposures. The 
results (Table 4.) showed that pre-exposure to MF enhanced 
menadione-induced DNA damage, increased DNA repair rate, 
and had a negative impact on post-repair integrity of the 
genome (as reflected in the increased micronucleus frequency) 
in human SH-SY5Y neuroblastoma cells (Study IV). The results 
with a second chemical, MMS, pointed towards qualitatively 
similar effects on all endpoints, but the differences were not 
statistically significant.  
Interestingly, both DNA damage level (0 min after exposure) 
and the DNA repair rate were enhanced by pre-treatment with 
MF in cells exposed to menadione. Several previous studies 
have implied that pre-exposure to MFs might enhance the 
effects of known DNA damaging agents, but the evidence is still 
inadequate and in some cases conflicting (Juutilainen et al. 
2006). One might think that the findings of an elevated DNA 
damage level (at time point 0 min) and enhanced DNA repair 
rate would seem to be conflicting. However, the more extensive 
damage in the cells pre-treated with MF might change the 
dynamics of repair such that it would be initiated at an earlier 
time point. Alternatively, the pre-treatment with MF might 
activate DNA repair systems, which would open the DNA 
double helix to allow repair but it also might make it more 
vulnerable to chemically-induced DNA damage. 
Since the mechanism of menadione-induced DNA damage is 
closely linked to apoptosis-related DNA fragmentation 
(Orrenius et al. 2003), the DNA repair results may partly reflect 
menadione-induced apoptosis (a process that continues during 
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the repair assay) and suppression of the apoptosis evoked by 
MF exposure. Suppression of apoptosis by MF pre-treatment 
would be consistent with the results of Markkanen et al. (2008).  
The menadione-induced micronucleus frequency was 
consistently higher in MF-exposed cells (at all 5 menadione 
concentrations used). Since micronuclei are considered largely 
to form due to insufficient double-strand break (DSB) repair 
(Terradas et al. 2010), this finding points to a defect in DSB 
repair.  Thus, the micronucleus findings indicate that although 
MF exposure does enhance the DNA repair rate in the 
menadione-exposed cells, it does not lead to improved fidelity 
of DNA repair. In fact, the findings show an inverse relationship 
between repair rate and repair fidelity. This observation might 
reflect activation of the faster but more error-prone non-
homologous end joining (NHEJ) repair pathway in the MF-
exposed cells instead of the slower, but more precise, 
homologous recombination (HR) repair pathway (Jeggo, 2009). 
The rapid component of DSB rejoining and the number of 
micronucleus present have been found to be positively 
correlated (Akudugu et al. 2004). 
Since mild oxidative stress generally increases the rate of cell 
proliferation (Halliwell and Gutteridge, 2007), the higher 
relative survival levels in the samples exposed to MF alone and 
in the samples exposed to small menadione doses (0.1, 1 µM), 
although not significantly higher, are consistent with the 
presence of increased radical levels. As shown in Table 2, there 
is evidence for both higher cellular viability (relative survival) 
and increased radical levels in a number of studies. However, 
additional studies are needed to test the hypothesis that a 
slightly increased ROS level could account for the effects of MF 
pre-treatment observed in the present study. In a carefully 
conducted series of experiments, Markkanen et al. (2010) did not 
find any MF effects of oxidative reactions induced by UV 
radiation in L929 fibroblasts. 
It is also important to note that the present findings 
(increased DNA damage level, DNA repair rate, and 
micronucleus frequency) were observed at a magnetic flux 
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density of 100 µT, which is below the present exposure limits 
(200 µT for the general public and 1000 µT for occupational 
exposure).  However, the magnetic flux density used is greater 
than the levels found to be associated with childhood leukaemia 
(0.3 - 0.4 µT) and the present results cannot be considered to 
provide a mechanistic explanation for the epidemiological 
findings. Additional studies are needed to clarify the exposure-
response relationship below 100 µT. 
 
6.3 METHODOLOGICAL CONSIDERATIONS 
Well-controlled EMF exposure conditions are essential for 
producing reliable data on the biological effects of EMFs. In 
studies on RF radiation, thermal effects (heating of the samples) 
are a particular source of possible artifacts, and must be taken 
into account in the design of the exposure system. In the present 
study, cooling with water circulation was used to keep the cell 
cultures under isothermal conditions (37.0 ± 0.3 °C). In MF 
studies, heating (either by the field itself or as a result of heating 
of the coils) is generally not a problem unless very high MF 
strengths are used. However, the background magnetic fields 
may be of importance. The peak values of ELF MFs inside cell 
culture incubators may exceed 20 µT (Mild et al. 2009), which is 
not an acceptable level for control cultures. In the present study, 
the MFs inside the incubator used were less than 1 µT. 
The present study indicates that measuring of specific 
radicals may be needed in future studies investigating cellular 
levels of ROS. For example, the DNA damage levels were quite 
different in studies II and III, although the total ROS levels 
measured were almost the same. In Study II, OTM (Olive Tail 
Moment; a measure of the level of DNA damage) values of 3.4 
to 11.3 were observed in the menadione-treated cells (although 
the DNA damage experiments were performed with a lower 
menadione dose than the ROS experiments). However, in Study 
III, FeCl2 alone hardly induced any change in the OTM value, 
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and the combined treatment with FeCl2 and DEM resulted in 
OTM values of 1.64-1.67.  These results indicate that ROS assays 
with the commonly used probes may not be adequate for 
detecting specific, biologically very active radicals (the probe 
used in the present study, DCFH-DA, is poor at detecting O2-• 
radicals produced by menadione). Thus, future studies on EMF 
effects on oxidative stress should include more endpoints. 
Study IV highlighted the importance of using several 
genotoxicity assays and chronological steps that reflect different 
stages of the induction of genetic damage. For example, the level 
of DNA damage was increased immediately after the MF 
exposure (0 min), but assays at the following time points 
showed no MF effects or even an opposite outcome (decreased 
damage). In addition, although the rate of DNA repair was 
increased after the MF exposure, the measurement of 
micronuclei at a later point in time showed that the fidelity of 
the repair had been impaired. Thus, if only one endpoint had 
been measured at one point in time, different and possibly 
misleading results might have been obtained depending on the 
choice of assays and measurement time points. Differences in 
the endpoints and measurement times might partially explain 
the apparently conflicting results in the literature of studies into 
MF genotoxicity.  
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7 Conclusions 
The following conclusions can be drawn from the present study: 
 
I RF EMF exposure alone, at the exposure parameters 
used, did not cause oxidative stress. The evidence that 
RF EMFs could modify chemically-induced oxidative 
stress is inconsistent.  
 
II Exposure to EMFs alone, at the exposure parameters 
used, did not cause genotoxicity. ELF MF exposure was 
consistently observed to alter menadione-induced DNA 
damage. In contrast, the evidence that RF radiation could 
modify the effects of known DNA damaging agents is 
weak and inconsistent.  
 
III RF EMF exposure alone, at the exposure parameters 
used, did not induce either cell death or cellular 
proliferation. No consistent evidence was found that RF 
radiation would alter the effects of menadione or FeCl2 
on cell death of proliferation.  
 
IV The effects of RF radiation were not consistently 
dependent on signal type (CW or GSM-modulation). 
 
V Measuring general ROS levels (with probes such as 
DCFH-DA) may not be sufficiently sensitive if one 
wishes to investigate the effects of EMFs on radical 
reactions – more data on specific radicals is needed. 
 
VI Measuring several genotoxicity endpoints at different 
time points may be crucial for understanding genetic 
damage resulting from MF exposure. 
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Today humans are exposed daily 
to electromagnetic fields (EMFs), 
but the possible health effects of 
EMFs are still unclear. This doctoral 
dissertion evaluates cancer-related 
effects of extremely low frequency 
magnetic fields and radiofrequency 
radiation in cell cultures. In addition 
to studying the effects of EMFs 
alone, co-exposure with chemicals 
know to induce oxidative stress 
or genotoxicity was used in an 
attempt to distinguish possible weak 
interactive effects of EMFs.
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